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1
ANGULAR RATE SENSOR WITH IMPROVED AGEING PROPERTIES

The invention relates to sensors. More specifically but not exclusively it relates to
sensors such as inertial sensors, for example coriolis gyroscopes, where a linear
velocity component is first established and the rate dependant coriolis force is a

function of this velocity.

Many types of inertial sensors are known. Angular velocity sensors incorporating a
MEMS type ring are known and such examples can be seen in, for example,
GB2322196. In such angular velocity sensors a vibrating planar ring or hoop-like
structure is disclosed. The ring-like structure is suspended in space by a suitable
support mount for detecting turning rate, linear acceleration and angular acceleration.
Tuming rate is sensed by detecting vibrations coupled by Coriolis forces, whereas
linear acceleration and angular acceleration are sensed by lateral, vertical and rocking

movement of the entire ring or hoop-like structure within its mount, .

These sensors are required to accurately measure signals derived from stimuli which
are also controlled by the sensor. In the case of coriolis gyroscopes, the linear velocity
is setup and controlled by a transducers and the rate response is also measured by a

‘similar’ transducer.

Typically the MEMS ring type structures are formed from crystalline silicon and
incorporate transducers formed from Lead Zirconate Titanate (PZT) materials. PZT
materials have significant benefits in terms of signal level (and therefore signal to noise
ratio levels) when used as the transducer technology in low cost MEMS sensor
applications. However PZT suffers from fundamental ageing and temperature drifts
compared to other transducers technologies (inductive, capacitive). Gain variations
due to temperature effects may cause the rate sensor scalefactor to vary and this error
can be compensated by using an independent temperature sensor but ageing is
normally a limiting factor. In addition the phase accuracy of the transducers is a key
error in determining the bias (Zero offset) of the overall rate sensor due to the presence
of very large quadrature bias signals which are at 90 degrees (electrical) phase to the
required rate signal and typically 3 orders of magnitude larger. The phase is affected
by the PZT material characteristics, particularly capacitance and is also subject to large
temperature and ageing related drifts. The result of all these issues is that the use of
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PZT transducers in MEMS sensors is limited and PZT is generally only used in low
performance applications or where stability over a short timescale is required, for

example in GPS aided navigation systems.

According to the invention there is provided an angular velocity sensor having
improved hysteresis and ageing properties the sensor comprising primary and
secondary sensor elements, the sensor further comprising primary and secondary
channels connected to said primary and secondary elements, the primary channel
comprising primary driver means for initiating and maintaining resonant oscillations in
the primary elements, the secondary channel comprising detector means for detecting
signals generated by the secondary elements in response to movement of the sensor,
the detecting means generating an output signal dependent upon the movement of the
sensor, wherein the primary and secondary elements of the sensor are intentionally
formed from different volumes of material such the deterioration of the sensor material

does not affect the gain of the primary and secondary channels.

According to a further aspect of the invention, there is provided a method of
overcoming hysteresis and ageing in sensor transducer materials comprising the step
of increasing the volume of material in a primary transducer within a sensor relative to

the volume of material in a secondary transducer within the sensor.

The invention will now be described with reference to the accompanying diagrammatic

drawings in which:

Figure 1 is a schematic drawing of an angular sensor showing a sensor and control
electronics in which the transducer and control electronics may be modified in order to

compensate for ageing hysteresis;

Figure 2 is a schematic diagram showing in more detail a part of the sensor of Figure 1

that may be modified to incorporate one form of the invention;

Figure 3a is a schematic diagram of the transducer and amplifier matching elements of
Figure 2 in accordance with one form of the invention in which the transducers are

perfectly and ideally matched;
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Figure 3b is a schematic diagram of the transducers and amplifiers of Figure 1 in
accordance with another form of the invention in which the transducers are
mismatched; namely the gain of the primary transducer is 1/1 50" of the gain of the

secondary transducer;

Figure 3c is a schematic diagram of the transducers and amplifiers of Figure 1 in
accordance with another form of the invention in which the amplifiers are mismatched;
namely the gain of the primary amplifier is 1/150" of the gain of the secondary

amplifier;

Figure 3d is a schematic diagram of the transducers and amplifiers of Figure 1 in
accordance with another form of the invention in which the transducers and the
amplifiers are mismatched, namely the gain of the primary transducer is 1/10™ of the
gain of the secondary transducer and the gain of the primary amplifier is 1/15™ of the

gain of the secondary amplifier;

Figure 3e is a schematic diagram of the transducers and amplifiers of Figure 1 in
accordance with another form of the invention in which the transducers and amplifiers
are mismatched, namely the gain of the primary transducer is 1/10" of the gain of the
secondary transducer and the gain of the primary ampilifier is 1/15™ of the gain of the
secondary amplifier and the capacitance of the system is changed by padding of the

transducer material; and

Figures 4a and 4b are schematic diagrams of the transducers elements described

above showing the padding of the transducer elements in specific locations.

As shown in Figure 1, the MEMS ring structure 1 of the angular velocity sensor
comprises inner 2 and outer 3 peripheries extending around a common axis and
therefore the drive and pickoffs operate differentially. It will be appreciated that the
invention is not dependent on the individual drive and pickoff transducers being
differential just that the primary pickoff and secondary pickoff are the same.
Piezoelectric primary drive means 4 are provided that cause the sensor to vibrate on
supports (not shown). The supports may include a plurality of flexible support beams
{not shown) for supporting the sensor and for allowing it to vibrate in response to the
piezoelectric primary drive means input in a substantially undamped oscillation mode.



10

15

20

25

30

35

WO 2011/144899 PCT/GB2011/000758

4

This enables the resonator to move relative to the support means in response to

turning rate of the system including the sensor.

A detecting circuit 5 is provided to which a series of signals 6 are input from the sensor.
The signals output by the sensor include primary pickoff signals 6a and secondary
pickoff signals 6b and the transducer plates are arranged such that the signals are of a
differential form. These signals are output from primary and secondary portions of the

Sensor.

The primary pickoff differential transducer signal is input to the primary channel
including a differential charge amplifier (primary pickoff amplifier) 7 which provides a
high level of gain to provide a low noise differential sinusoidal output signal at the
carrier frequency. This signal is then passed through a synchronous detector 8 and
suitable filtering to provide a control signal to the primary driver circuit 1 to set the level
of the drive applied to the MEMS to ensure the primary pickoff amplifier output is on a
controlied fixed level. The output of the primary pickoff amplifier 7 is also applied to the
primary phase lock loop (PLL) and voltage controlled oscillator (VCO) 10 which locks to
the pickoff signal to provide clocks for the synchronous detectors 8. The output of the
primary pickoff amplifier 7 is also applied to the primary phase shift circuit 11 which
amplifies the signal by a factor of two and shifts the phase of the differential signal by
90°. The output of the phase shift circuit 11 is applied to the primary driver circuit 1
which multiplies the differential sinusoidal output of the phase shift circuit 11 by the
AGC control signal to generate the differential MEMS driver waveforms.

The secondary pickoff differential transducer signal is input to the secondary channel
including a rate channel synchronous detector 14. The synchronous detector outputs
an offset relative to the amplitude of the secondary response differential signal whiéh is
then filtered and converted into a single ended offset on the rate output signal and input
to the ADC 15. The ADC outputs a signal representative of the movement of the

sensor.

Any errors in the rate measurement channel (secondary pickoff 6b) can be cancelled
by similar errors in the primary pickoff channel (6a and 7) in this system architecture.
Therefore the effects of ageing and hysteresis can be removed. Figure 2 shows the

functions that must then be considered in optimising the implementations.
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Figure 3a shows an ideally matched condition where the secondary (rate sensing
channel) and the primary (excitation channel) gains are identical. Any variations in the
MEMS transducers or electronic components are very likely to- match perfectly
(especially in a highly integrate ASIC/MEMS implementation).

Unfortunately in any real application the gains are typically very different (150:1)
between the secondary and primary channels, which makes matching very difficult.
Figures 3b and 3c show 2 extreme case of achieving these gain differences by scaling
the MEMS transducer gains (Figure 3b) or scaling the electronics amplifier gains
(Figure 3c). Neither of these offer a practical solution as the high capacitance‘of the
MEMS transducers means the electronics performance is influenced by the MEMS and

visa versa.

. Figure 3d shows a more practical solution when the gain difference is shared between

the MEMS transducer and the electronic amplifiers. The main error is still the
transducer (piezo material) capacitance mismatch which is subject to ageing and
temperature variations in a similar way to the transducer gain but it directly affects the

performance of the electronic amplifier and so produces additional errors.

In use, the amplitude of motion on the primary element will be a lot larger than the
secondary element, so the primary piezo transducer gain needs to be significantly
smaller and this is achieved by making it physically smaller, but normally matching

thickness and width.

The scale factor of the gyroscope, for an open loop sensor where there is secondary
motion proportional to angular rate, depends on the ratio of the secondary pick off
signal to the primary pick off signal. Thus to first order the scale factor is independent
of similar gain variations of primary and secondary transducers. If, as is possible due
to the nature of the materials used, the primary and secondary transducer age

differently there will be a nett change in the scale factor.

There is a certain gain difference in the electronics, with the secondary gain being
higher than the primary gain. The gain of the front end electronics depends however
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on the source capacitance of the transducer. The effective electronics gain can
therefore be matched between primary and secondary channels in the presence of a
gain difference of the primary and secondary piezo transducers if the piezo

capacitances are matched between primary and secondary.

As described in one form of the invention, this can be achieved by extra padding
capacitance in the primary transducer which does not add any gain, just capacitance.

Thus the primary and secondary capacitances can be matched in the presence of a
gain difference such that the electronics gain tracks between the two channels.
Likewise the piezo transducers will track as the piezo ages as the ratio of the gain

remains constant.

In this way the scale factor of the open loop vibrating gyroscope can be stabilised
against ageing and hysteresis of the piezo material as will be described in more detail

below.

In accordance with one form of the invention, as shown in Figure 3e, the solution is to
first minimise the primary gain (Kp) by making the transducer very small (typically
KS/10) and then ‘padding’ the transducer capacitance with additional PZT material on
areas not subject to mechanical stress. This will not result in the production of a signal
(so KP<<KS) but will equalise the capacitance (CS=Cp) so the same source
impedance is presented to the electronic amplifiers. The initial capacitance of the
transducers will thus be matched and more importantly the ageing characteristics of the
capacitance will also match. Accordingly, the effects on the electronics amplifiers will
also be matched preventing the introduction of other errors. There will still be a
requirement to optimise the amplifiers (which have different gains) to minimise the
mismatching of the basic electronic performance and this can be done independently of

the MEMS errors.

The signal processing electronics can then have different gains to make the overall
gain KS=150"KP. The phase and gain accuracy of the electronics can then be matched
by making the open loop gain ratios of the amplifiers matched to the closed loop gain
ratios to make the sensitivity to capacitance changes or amplifier gain changes match

for both transducers.
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In this way, the ageing PZT ageing and temperature hysteresis effects in the MEMS

rate gyroscope are overcome.

it will be appreciated that although the invention is described with reference to an
angular velocity sensor using PZT piezoelectric transducers of the type described
above, it may equally be applied to piezo materials other than PZT. Additionally, other
forms of transduction such as capacitive or inductive, providing that the overall sensor
requires a similar transducer to be used to set the basic operating point of the sensor

Additionally, whilst the embodiment described above discloses a sensor having ring
type sensor elements, it will be appreciated that it may be applied to any form of sensor

where the elements may be padded as described above.

Furthermore, it will be appreciated that the transducers described do not have to be

differential (as shown in fig 1) but may be of any suitable form.

Moreover, the embodiment described above details a gain of 1/150 between primary
and secondary channels and it will be appreciated that this is just one example of the
differences required in a real system and not a theoretical model. The invention will
apply to any system where the gain is not 1:1 and is especially important when the gain

difference is large.

Yet further, any bulk material used for transduction, for example piezo resistive, would

also benefit from the invention described above.
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CLAIMS:

1 1. An angular velocity sensor having improved hysteresis and ageing properties

the sensor comprising primary and secondary sensor elements, the sensor further
comprising primary and secondary channels connected to said primary and secondary
elements, the primary channel comprising primary driver means for initiating and
maintaining resonant oscillations in the primary elements, the secondary channel
comprising detector means for detecting signals generated by the secondary elements
in response to movement of the sensor, the detecting‘ means generating an output
signal dependent upon the movement of the sensor, wherein the primary and
secondary elements of the sensor are intentionally formed from different volumes of
material such that the deterioration of the sensor material does not affect the gain of

the primary and secondary channels.

2. A sensor according to claim 1 in which the capacitance of the primary
transducer element is varied with respect to the capacitance of the secondary
transducer element by virtue of the increased volume of material from which the

primary transducer element is formed.

3. A sensor according to any preceding claim in which the transducer elements

are formed from any suitable piezoelectric material.

4. A sensor according to claim 4 in which the piezoelectric material is Lead

Zirconate Titanate (PZT).

5. A sensor according to any one of claims 2 to 4 in. which the change in’
transducer material volume compensates for a mismatch in primary and secondary

channel electronics.
6. A sensor according to any preceding claim in which the sensor is of a ring type.

7. A method of overcoming hysteresis and ageing in sensor transducer materials
comprising the step of increasing the volume of material in a primary transducer within

a sensor relative to the volume of material in a secondary transducer within the sensor.
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8. A sensor or method as hereinbefore described with reference to the

accompanying diagrammatic drawings.
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